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Resolution limits for infrared microspectroscopy explored
with synchrotron radiation

G. L. Carra)
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~Received 16 May 2000; accepted for publication 10 December 2000!

The spatial resolution for infrared microspectroscopy is investigated to determine the practical limits
imposed by diffraction or optical aberrations. Quantitative results are obtained using high brightness
synchrotron radiation, which serves as a diffraction-limited infrared ‘‘point source’’ for the
microscope. The measured resolving power is in good agreement with diffraction theory, including
a ; 30% improvement for a confocal optical arrangement. The diffraction calculation also shows
how the confocal setup leads to better image contrast. The full width at half maximum of the
instrument’s resolution pattern is approximatelyl/2 for this arrangement. One achieves this
diffraction limit when the instrument’s apertures define a region having dimensions equal to the
wavelength of interest. While commercial microspectrometers are well corrected for optical
aberrations~allowing diffraction-limited results!, the standard substrates used for supporting
specimens introduce chromatic aberrations. An analysis of this aberration is also presented, and
correction methods described. ©2001 American Institute of Physics.@DOI: 10.1063/1.1347965#
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I. INTRODUCTION

Infrared microspectroscopy traces its origins to arou
1950 when microscopes using Schwarzschild-type reflec
objectives were interfaced to infrared monochromators.1 The
technique languished due to the poor efficiencies of sp
trometers until the 1980s when Fourier transform infra
~FTIR! spectrometers became commercially availab
Present day FTIR spectrometers and microscopes are
matched and deliver high performance. Still, signal-to-no
requirements~e.g., for identifying small chemical change!
often limit the smallest practical spotsize to;20 mm. This is
a consequence of the low brightness of the thermal infra
source~a;1200 K blackbody radiator! rather than diffraction
or aberrations in the optical system.

High brightness infrared sources do exist~e.g., lasers!,
but of these only the synchrotron2 provides a ‘‘white’’ source
spanning the entire infrared and is compatible with effici
FTIR techniques. While early attempts to exploit this as
infrared source were unsuccessful due to poor beam stab
the present generation of synchrotron light sources h
overcome this problem to a large extent and productive
frared research programs now exist at a number of facilit
The National Synchrotron Light Source~NSLS! at
Brookhaven National Laboratory has six operating infra
‘‘ports,’’ several of which deliver infrared to
microspectrometers.3 The high brightness of this source~two
to three orders of magnitude greater than conventional t
mal sources! allows one to set the instrument’s apertures
define geometrical areas comparable to, or smaller than
diffraction limit ~a few microns in the mid-infrared! and still
attain good signal to noise~S/N!.4–6 For this situation, the
spatial resolution is no longer controlled by the geometri

a!Electronic mail: carr@bnl.gov
1610034-6748/2001/72(3)/1613/7/$18.00
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aperture size, but instead is determined by the optical s
tem’s numerical aperture and the wavelength of light.

While the microscope’s optical system performs at
close to the diffraction limit for the spectral range of intere
on occasion the specimen to be studied introduces abe
tions that limit the available spatial resolution. A commo
sample preparation method involves placing thin secti
onto IR transparent substrates. However, the substrate m
rials are typically dispersive and therefore introduce ch
matic aberration. The resulting focus shifts can be com
rable to, or larger than, the region under investigation. T
leads to a reduction in spatial resolution, signal throughp
or both.

In this article an analysis of a typical infrared micro
scope optical system is presented and practical issues
achieving diffraction-limited performance are addressed. T
first part deals with experimental results and calculations
the instrument’s spatial resolution~i.e., the sensitivity pat-
tern!. Agreement between the two is good and a confo
optical system is found to reduce~improve! the width of the
instrument’s sensitivity pattern by about 30% over t
single-aperture case. Of perhaps greater importance, the
focal system reduces contributions from the first- and high
order diffraction maxima~diffraction rings! which otherwise
would degrade spatial contrast. The dependence of the
sitivity pattern width on aperture dimension is discussed
Sec. II. It is found that an aperture size equal to the wa
length of light achieves the diffraction limit. Last, the focu
shift associated with dispersive substrates is calculated f
number of substrate materials. Focus shifts of up to 100mm
occur when using 2 mm thick BaF2 at wavelengths of 10
mm. The results of experiment and calculation are again
good agreement.
3 © 2001 American Institute of Physics

 to AIP copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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II. EXPERIMENT AND ANALYSIS

A. Instrumentation

The spectral range commonly employed for analyti
infrared microscopy is from 4000 (l52.5mm) down to
650 cm21(l516mm). The wavelengths are therefore 5–
times greater than for visible light, and microscope opti
designs can be readily fabricated to achieve the diffrac
limit. The particular microspectrometer used for this study
a Spectra-TechIr ms.7 It has a confocal optical system bas
on two Schwarzschild objectives, each having a numer
aperture~NA! of about 0.65. The specimen to be studied
placed at their common focus. Spatial resolution is achie
by field stops~apertures! located at one or both conjuga
focal points of the objectives. One aperture controls the
gion being illuminated while the other defines the regi
being sensed by the IR detector. A schematic of this ins
ment’s optical system is shown in Fig. 1.

This microscope’s objectives differ from a tru
Schwarzschild type in that both conjugates are finite, a
therefore do not fully correct for typical aberrations~e.g.,
spherical!. However, optical analysis using ZEMAX™ opt
cal analysis software8 shows that they do achieve diffraction
limited performance across the mid-infrared, and ima
quality at visible wavelengths implies a resolution of bet
than 1 mm on axis. Since the objectives are all reflectin
chromatic aberrations are not present.

Although the optical system is capable of diffractio
limited performance, the standard source for mid-IR sp
troscopy~a 1200 K thermal source! is not typically bright
enough to provide the necessary S/N when the diffrac
limit is reached. Infrared produced as synchrotron radiat

FIG. 1. Schematic diagram of the infrared microspectrometer~a Spectra-
TechIr ms™! used for this study. The optical path for transmission~shown
in the diagram! begins at the FTIR interferometer and continues through
upper aperture, the first Schwarzschild objective, the sample/specimen
Second Schwarzschild objective~often refered to as a condenser!, the lower
aperture, and finally to the detector. For a reflection measurement, the
reflected by the sample returns backward through the first Schwarzs
objective and upper aperture, after which a small ‘‘pick-off’’ mirror inte
cepts a portion of the light and sends it on to the detector.
Downloaded 27 Mar 2001 to 130.199.3.3. Redistribution subject
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is substantially brighter~two to three orders of magnitude!
and provides good S/N even when the microscope’s a
tures are set at, or beyond, the diffraction limit. In this sit
ation, the wavelength and the system’s numerical aper
determine the spatial sensitivity. The measurements
scribed here were performed with the instrument installed
the U10B infrared beamline5 of the NSLS.

B. Spatial resolution and diffraction

A microscope achieves spatial resolution by constrain
the illuminated region, the region being detected, or~more
generally! a combination of both. For example, a standa
optical microscope illuminates a large sample region a
resolution is achieved by the ‘‘detection system,’’ in th
case the objective optics and receptors in the eye. A mic
scope using a focal-plane detector is a similar case in wh
resolution is attained from the individual pixels of the optic
detection system. One can also use a single element det
and restrict the field of view at the sample location by
aperture placed at an intermediate focal point~a field stop!.
The spatial resolution is determined by the detection se
tivity patternD(r), defined as the fraction of light from eac
point r of the specimen that reaches the detector. Alter
tively, one can restrict the illumination region~again using
an aperture that serves as a field stop! to achieve spatial
resolution. Here the resolution is determined by the patt
of illumination I (r) defined as the fraction of light intensit
illuminating each point on the specimen. A confocal micr
scope has apertures for both the illumination and detec
systems, constraining both patterns~I and D!. To sense a
particular portion of a specimen, the microscope must il
minate it and then detect that light. Thus for linear spectr
copy, the spatial sensitivity ‘‘pattern’’ of the instrumentS(r)
is determined by the productI (r)3D(r). An image of the
specimen can be ‘‘built up’’ by rastering the sample throu
the instrument’s illumination and detection pattern. Such
image is the convolution of this sensitivity pattern with th
true specimen image. Thus the productS[I 3D determines
the spatial resolution.

When aberrations are negligible and the microscope
erture~s! is set to define a geometric region smaller than
wavelength, diffraction dominates the sensitivity pattern a
consequently the spatial resolution of the instrument. Furt
reduction of the apertures offers no resolution improveme
If the illumination and detection objectives behave as sim
lenses with the same NA, thenI (r) andD(r) would each be
described by the same Airy function. Note that the produc
two identical Airy functions is narrower than the individu
functions by about 30%. In addition, the contributions of t
first- and higher-order diffraction maxima~relative to the
central, zero-order maxima! are significantly reduced. This
illustrates how a confocal microscope achieves higher spa
resolution when diffraction-limited conditions exist.

C. Measurements

The instrument’s lateral sensitivity was determined
scanning across a lithographically produced photoresist
edge and measuring the apparent sharpness at various w
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1615Rev. Sci. Instrum., Vol. 72, No. 3, March 2001 IR microspectroscopy
lengths. The photoresist layer was approximately 2mm
thick, and the edge ‘‘sharpness’’ was better than 1mm. Its
absorbance spectrum, shown in Fig. 2, displays vibratio
features spanning the spectral range from 3 to 12mm wave-
lengths~;3300 down to 830 cm21!. The substrate was eithe
BaF2 ~appropriate for transmission measurements! or a gold
mirror ~for reflectance!.

The first type of resolution test was performed usi
only the instrument’s ‘‘upper’’ field stop aperture to co
strainI ~see Fig. 1!. For simplicity, the spatial sensitivity wa
investigated only along one direction by setting the up
field stop to a slit 32mm wide and about 1 mm long. Whe
used with the 323 objective, the resulting effective apertu
width is 1 mm at the specimen location, which is small
than the shortest wavelength of interest by a factor of 3. T
actual illumination pattern is more or less independent
position along the slit and dominated by diffraction tran
verse to the slit. The resolution tests were conducted for
transverse direction. No aperture was used for the detec
optical system. Thus the system was not confocal for this
of measurements~the confocal case is treated later!.

Transmission spectra were collected at 1mm intervals
along a line, beginning 15mm before the edge and continu
ing 15 mm into the photoresist. From these, absorbance p
files for spectral bands at various wavelengths were
tracted. Selected profiles for absorbance features at 3, 6
8 mm wavelengths are shown in Fig. 3. Although the pho
resist edge is sharp, the profiles are broadened in all ca
with the degree of broadening increasing with wavelength
expected from diffraction. Similar results have been repor
by Ocolaet al.6 As noted above, the measured profile is
convolution of the illumination functionI with the actual
edge profile. Assuming the edge is perfectly abrupt, one
deconvolve the data to produce the pattern of illuminat
transverse to the narrow slit aperture, in this caseI (x). The
illumination pattern that results forl56 mm is shown in the
inset of Fig. 3~symbols!. A convenient method for extractin
the width of the pattern’s central maximum is to fit it with
Gaussian function. Such a fit is also shown in the inset.

FIG. 2. Absorbance spectrum for the photoresist material used for resol
studies. The six absorption features used for the profile analysis are ma
with arrows.
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A second set of measurements was performed with
ertures constraining both the illumination and detection p
terns, i.e., a confocal optical arrangement. Although the
croscope system can perform transmission measuremen
confocal mode~using both upper and lower apertures,
double aperturing!, it was convenient to use the microscop
in reflectance mode where the same objective and ape
are used for illuminating the specimen and collecting
reflected light for detection. Reflectance measurements w
made using an identical~to the transmission case! photoresist
step edge deposited on a gold substrate. Absorbance pro
were extracted and deconvolved in the same manner as
the transmission measurement. The resulting resolu
widths for the six different absorption features are shown
Fig. 4 ~symbols!, plotted versus their respective waveleng
Results for both the single and confocal optical arrangeme
are included. Note that the error bars are much larger h
than for the single aperture case due to the rather poor si
to noise, a consequence of the infrared light having pas

on
ed

FIG. 3. Absorbance profiles at three different wavelengths acquired at 1mm
intervals across a photoresist step edge. Inset: Deconvolution of the p
for l56 mm, revealing the illumination patternI (x). Also shown are a
Gaussian fit~dashed line! and calculated PSF~solid line!.

FIG. 4. FWHM for the resolved photoresist edge profile. Closed circ
Single aperture; open circles: dual~confocal! apertures; solid line: calculated
PSF width for one apertures; dashed line: calculated PSF for confocal a
tures.
 to AIP copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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1616 Rev. Sci. Instrum., Vol. 72, No. 3, March 2001 G. L. Carr
twice through the aperture~which has a dimension muc
smaller than the wavelengths of interest!.

D. Model calculations

In addition to measuring the microscope’s spatial reso
ing power, the point spread function~PSF! for the illumina-
tion objective was calculated using ZEMAX optical desig
analysis software running on a personal computer. Note
the PSF and diffraction pattern are equivalent when abe
tions are negligible. As a consequence of the objective’s s
ondary mirror obscuration, the PSF involves a linear com
nation of two Bessel functions. The effect of th
combination is to narrow the central~zero-order! peak while
enhancing the magnitude of the first- and other higher-or
diffraction maxima. Since the calculation was performed
just the illumination objective, this PSF gives the expec
sensitivity patternI for a single aperture measurement. T
PSF is shown in the inset of Fig. 3 forl56 mm, along with
the measured result forI and a Gaussian fit. Although th
calculation considers only a point source~whereas the mea
surement determined the diffraction pattern transverse
line source!, agreement is very good, including the locati
and magnitude of the first-order diffraction maxima. Th
the illumination patternI is well described by the PSF unde
diffraction-limited conditions, as expected. The PSF was a
fit with a Gaussian~for consistency! and the full width at half
maximum~FWHM! for both the measured patternI ~closed
circles! and the diffraction PSF~solid line! are plotted versus
wavelength~see Fig. 4!. The FWHM of the illumination pat-
tern I is found to be approximately 2l/3.

We expect the confocal case to have a sensitivity pat
given by the product ofI 3D. Since the same objective an
aperture were used for bothI and D, the sensitivity pattern
will be I 2. Squaring the PSF produces a pattern;30% nar-
rower, yielding a FWHM of;l/2. The results, shown in Fig
4 ~dashed line!, are again in reasonable agreement with
experiment~open circles! when one takes into account th
large error bars for the experimental data.

The confocal optical arrangement provides another
portant benefit over a single optic system. Figures 5 an
show a two-dimensional view of the PSF for a conventio
optic with a circular aperture~Fig. 5! and a Schwarzschild
optic having a circular obscuration centered in the aper
~Fig. 6!. For the latter, the radius of the obscuration w
taken to be one half the overall aperture, thus allowing 7
of the incident light to pass~a reasonable value!. The in-
creased intensity in the higher-order diffraction maxima
evident, and represents a substantial fraction of the ove
intensity. This can be better illustrated by calculating t
weighted sensitivity enclosed within circular regions, ce
tered on the optical axis, as a function of the circle’s rad
@see Figs. 5~b! and 6~b!#. The standard optic yields an Air
pattern with about 85% of the total sensitivity contain
within the zero-order peak, whereas the Schwarzschild
fraction pattern has only;50% of the total sensitivity nea
the center. With half the sensitivity contained outside
central peak, the Schwarzschild objective is subject to s
ous degradation of image contrast when used for scan
Downloaded 27 Mar 2001 to 130.199.3.3. Redistribution subject
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microscopy. The confocal arrangement improves the sit
tion substantially, with 80% of the spatial sensitivity co
tained within the primary, zero-order peak. Thus the con
cal system should allow better isolation of small regio
~with much less contamination from neighboring region!
and improved contrast in scanned or imaging measureme
This is perhaps the most important benefit of the confo
optical arrangement. Since infrared microspectrometers
ing array detectors or cameras are not confocal, one sh
not expect them to achieve the same level of diffractio
limited performance.

E. Dependence on aperture dimensions

Finally, a crossover from a diffraction~wavelength! lim-
ited resolution to a geometrically controlled resolution mu
occur as the aperture width is increased. This crossover
be predicted by convolving the PSF~diffraction pattern! with
the geometrical aperture shape. Such a calculation was
formed forl58 mm and geometric aperture dimensions
to 12 mm, with the FWHM determined for each apertu
setting. In the same manner as for the resolution patte
described above, the FWHM for various actual apert
widths was extracted from absorbance measurements a
the photoresist edge. Both the calculated~dashed line! and
measured~closed circles! widths are shown in Fig. 7. The
calculated width begins to curve upwards~with increasing
aperture width! almost immediately, whereas the measur
width remains near the diffraction-limited minimum until th

FIG. 5. Top: The point spread function~diffraction pattern! for an optic
having a full circular aperture~indicated by the gray area in the inset, upp
right!. A wavelength of 6mm and an optical NA of 0.6 were assumed. Th
is the familiar Airy pattern. Bottom: The encircled sensitivity as a functi
of radial distance from the center point~optic axis! for a system with full
circular apertures. Note that the confocal arrangement maintains more
90% of the sensitivity to within 3mm of the central axis.
 to AIP copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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aperture is nearly equal to the wavelength. This discrepa
may be explained as a consequence of how electromag
radiation propagates through the field-defining apertu
which behaves as a short length of waveguide.9 Until the
aperture is wide enough to support more than the fundam
tal mode~i.e., width>l!, the light appears to emanate fro

FIG. 6. Top: The point spread function~diffraction pattern! for an optic with
a secondary mirror~central! obscuration. The aperture is indicated by t
gray area in the inset, upper right. A wavelength of 6mm and an optical NA
of 0.6 were assumed. Note the enhanced size of the first-and higher-
diffraction ‘‘rings.’’ Bottom: The encircled sensitivity as a function of radi
distance from the center point~optic axis! for a Schwarzschild objective
Note that the conventional arrangement~single objective! has only 50% of
the sensitivity within the central diffraction maximum, and reaches 8
only at a 10mm radial distance. The confocal arrangement manage
narrow the central maxima and also achieves 90% sensitivity within a 4mm
radius.

FIG. 7. FWHM ~resolution width! as a function of aperture width for a
single aperture andl58 mm.
Downloaded 27 Mar 2001 to 130.199.3.3. Redistribution subject
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a diffraction-limited region that is independent of the actu
width. Thus, decreasing the aperture size to below 8mm
yields no gain in spatial resolution when profiling an abs
bance feature near 1250 cm21. Since the signal to noise fall
rapidly as the apertures are closed further, a size essen
equal to the wavelength of interest is probably optimal. Th
the signal to noise for the sensitivity pattern tests of Fig
could be dramatically improved at longer wavelengths
opening the apertures, while still attaining diffraction-limite
performance. Additional improvements in spatial resoluti
may be achieved by oversampling and deconvolving the
strument’s PSF. Other approaches include increasing the
with high refractive index materials, or near-field methods10

F. Substrate dispersion

The diffraction-limited performance demonstrated
Sec. II E is attained only when the optical system’s aber
tions are sufficiently small. The microscope’s basic opti
system clearly reaches this goal. However, a specimen t
studied may require a supporting substrate, or might be c
tained between two infrared windows. The substrate
comes part of the optical system when the infrared lig
passes through it, and any aberrations introduced mus
addressed. Adjusting the spacing of the two mirror eleme
for the relevant Schwarszchild objective adequately elim
nates the spherical aberration that results, and the micros
manufacturer provides for this adjustment. But chromatic
erration cannot be readily corrected, and is compounded
the large spectral range that is desired for most analyt
measurements.

Chromatic aberration is due to the dispersive proper
of materials and gives rise to focus shifts between wa
lengths. An illustration of this effect is shown in Fig. 8 whe
polychromatic light is incident on a substrate of thicknessd.
Whereas one wavelength comes to a focus at the back
face, another~typically longer! wavelength comes to a focu
within the substrate~before reaching the back surface!. Of

der

to

FIG. 8. Illustration of the focus shift that occurs for dispersive substrat
 to AIP copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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course any particular wavelength can be brought into pro
focus by shifting the substrate, but at the expense of oth

The effect can be readily shown for a commonly us
substrate, a 2mm thick BaF2 wafer. The microscope’s aper
tures ~both upper and lower! were set to about 5mm
35 mm and a background spectrum was collected with
substrate. Next, the BaF2 substrate was placed at the spe
men location of theIr ms microspectrometer and both upp
and lower objectives set for proper visual focus on the sa
substrate surface. Naturally, one of the objectives mus
focused through the substrate, making it sensitive to the s
strate’s dispersion. For convenience of measurement, the
per ~illuminating! objective was focused through to the f
surface of the BaF2 substrate. Shifting the focus position fo
this objective~by an amount defined asf shift! brings various
wavelengths into proper focus on the far surface of the s
strate. The spectral signal through the BaF2 was measured
and normalized to the background signal~i.e., no substrate
present! to yield the apparent transmission. Measureme
for various f shift values ranging from 0 to 160mm were ac-
quired at 10mm increments. The zero position was defin
as the position at which the substrate surface was visu
focused. The apparent transmission for every other posi
~i.e., at 20mm intervals! is shown in Fig. 9. Note that fo
f shift50, the infrared throughput is reduced across the en
IR spectral range, and falls rapidly for wavelengths;10 mm.
This reduction far exceeds absorption or reflectance loss
the air/BaF2 interfaces. A 20mm focus adjustment increase
the throughput at all mid-IR wavelengths, with 2200 cm21

being optimal. Additional shifting of the focus improves th
throughput for longer wavelengths, but at the expense
shorter ones. The signal maximum~peak throughput! indi-
cates the frequency that is properly focused when subs
absorption is negligible.

The amount of shift needed to bring a particular wav
length into focus can be calculated using Snell’s law. T
resulting approximate expression is

f shift'
d

n0
S 12

n~l!

n0
D , ~1!

FIG. 9. Relative transmission through a 2 mmthick BaF2 substrate at vari-
ous focus settings.
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where d is the substrate thickness,n(l) is the material’s
refractive index at wavelengthl, and n0 is the refractive
index at some reference wavelength~in our case, a visible
wavelength such as 570 nm!. The calculated focus shifts fo
2 mm thick BaF2 and other common materials11 are shown in
Fig. 10. Also shown is the experimentally determined foc
shift versus the peak transmission frequency for the Ba2.
Agreement between the calculation and measurement is
good, although less so toward longer wavelengths. Thi
probably a consequence of the BaF2 absorption, which
causes the apparent transmission to turn downwards m
quickly than from focus errors alone. Thus, the position
optimal focus for an absorbing substrate may not be p
cisely where the throughput is maximized. The magnitude
the focus shift is particularly noteworthy, becoming mo
than 20 times the intended illumination size, leading to
comparable reduction in spatial resolution.

As can be seen in Fig. 10, the problem is not limited
BaF2. While KBr has less dispersion at long wavelength
there is more dispersion in the visible. The result is tha
focus optimized for visible wavelengths is 20mm out of
focus across the entire mid-IR.

Since the magnitude of the focus error scales linea
with thickness, the problem can be reduced by the use
thinner substrates. This may eventually lead to proble
from interference fringes due to multiple internal reflectio
within the substrate. Another approach that partially avo
the problem is to place the specimen on top of the subst
and use only the upper illumination aperture to achieve
desired spatial resolution. The beam converges at the sa
~and before the substrate!, so all wavelengths come to th
same focus. The collecting objective is then set for an in
mediate focus setting, and its conjugate aperture is left op
Thus the collecting optics are rather insensitive to focus
rors. Of course one loses the benefits of a confocal opt
system, resulting in poorer resolution and image contrast
an imaging IR microspectrometer~with a focal plane array
detector or camera!, each detector pixel serves as a fiel

FIG. 10. Lines: Calculated focus shift for several common IR substr
materials~all 2 mm thick!, including BaF2. Closed circles: Measured focu
shift for BaF2.
 to AIP copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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1619Rev. Sci. Instrum., Vol. 72, No. 3, March 2001 IR microspectroscopy
defining aperture. Spatial resolution is therefore achie
only through the detection system~i.e., it is not confocal!.
The sample side of the substrate should be oriented fa
the detector for these systems.

There are cases where this problem cannot be avoi
for example, samples sandwiched between two substrate
in a liquid or compression cell, or when the instrument m
be operated in a true confocal mode. In order to achi
optimal spatial resolution, the measurement must be repe
for each wavelength range of interest, adjusting the ins
ment’s focus to match the spectral range. The focus error
can be tolerated depends on the measurement, but shou
smaller than the wavelength if diffraction-limited perfo
mance is to be attained. For BaF2, this becomes increasingl
problematic for longer wavelengths, and it may be imp
sible to have even a single absorption band entirely in foc
As an example, the relative focus shift across a 200 cm21

wide band near 1000 cm21 (l510mm! is more than 20mm,
exceeding the wavelength by a factor of 2.
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